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Dye adsorption performance of an anionic Cd?*
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We have selected a semi-rigid hexacarboxylic acid ligand HelL enriched with oxygen-active sites with Cd?*
salt, successfully synthesising a 3-D anionic material MOF-1 ([(CH3),NH]>[Cd,L]-3DMA-2H,0, Hgl =
5,5',5"-(benzene-1,3,5-triyltris(oxy))triisophthalic acid). The structure of this carboxylic acid ligand is
triangular in shape, which contributes to the formation of the 3-D framework structure, and its semi-
rigidity facilitates entry of dye molecules by slightly adjusting the pore size. The larger pore size of MOF-1
is 1.45 nm x 0.86 nm. The oxygen spacer groups are uniformly distributed throughout the framework,
promoting the adsorption of MOF-1 for dyes. Based on these factors, there is a significant advantage in that
the anionic material MOF-1 containing [(CHz),NH,]* selectively adsorbs cationic organic dyes from
aqueous contaminants for recycling. It was discovered that the adsorption process’ equilibrium and kinetics
followed the Langmuir isothermal model and pseudo-secondary kinetics, respectively. And we measured
the adsorption rate of MOF-1' on MB™ to be 1.77 x 107> g mg™* minL. Its relatively high capacity is ca.
1220 mg gL, After five cycles of adsorption and desorption, the dye adsorption performance was reduced
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Introduction

Dyes are categorized into synthetic and natural dyes.
Synthetic dyes are widely used in industrial production due to
better sustainability and a wide range of coloring types.'
However, synthetic dyes do not degrade over time and are
carcinogenic to humans due to prolonged exposure. Because
of their toxicity, synthetic dyes have damaged the equilibrium
and integrity of ecosystems in recent years, endangering both
human health and the environment.”™ This has led to a
surge of interest in the treatment of dye wastewater.
Compared with other dye treatment technologies such as
solid phase extraction,™® photocatalysis,”> membrane
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to ca. 80% and the framework stability remained well.

10-12 13-15

separation and electrolysis, adsorption is considered
to be one of the most popular methods to effectively remove
pollutants due to its high efficiency and simplicity of
operation.'®2° The ideal catalyst should have a large specific
surface area and excellent stability for effectively adsorbing
dyes. From the beginning, the application of traditional
adsorbents has been limited due to poor adsorption capacity,
low adsorption rate, and insufficient functional
modulation.”"** Metal oxide materials and zero-valent iron
materials have been limited due to poor chemical
stability.**** Carbon-based nanomaterials have been limited
due to high cost of preparation, complexity of the preparation
process, and low selectivity.>® In recent years, MOFs have
been continuously developed since they were proposed by
Yaghi in 1995, and have made excellent contributions to
catalysis,””>° dyestuffs,**?> and adsorption®® due to their
properties such as high porosity, high stability, and tunability.
MOF-based micro/nanomaterials have shown excellent water
purification capabilities and have been widely used as
adsorbents or catalysts for environmental remediation.****
MOFs can be applied directly or utilised as precursors or
composites because of the variety of types and synthesis
techniques of MOF-based materials. The use of different
metal centers helps to predict the structure of the synthesized
MOFs, for example, the metal center Cd and polycarboxylic
acid organic ligands are prone to form two or even higher
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dimensional framework materials.*® The functionalisation of
pores in frameworks depends more on the choice of ligands.
On the one hand, organic ligands' functional groups, which
are distributed evenly throughout the MOF materials’'
skeleton as functionalization sites, can interact with dyes that
contain unsaturated groups, like azo groups, enhancing the
MOF materials' adsorption capacity.”” On the other hand, the
shape, stiffness, and flexibility of ligands improve
performance through partially affecting the stability and
multi-dimensionality of MOFs. In our previous research, we
designed and selected organic ligands containing N atoms
and introduced them into the backbone structure of MOFs. It
can significantly improve the adsorption performance of dye
molecules through the weak interaction of N atoms with
adsorbates.®®  Therefore, we hypothesized that the
introduction of oxygen atoms may have the same effect.
Based on the literature survey, Wang Yao et al. synthesized
two MOF materials through two hetero-structured polymeric
aromatic carboxylic acid ligands containing methoxy groups
with cupric ions. The methoxy groups of the two MOFs are
believed to effectively enhance the attraction between the
framework with acetylene and carbon dioxide molecules
which are easily polarized. In this way, the MOFs can be used
to improve the adsorption performance and selectivity to
gases.”® Dongjie Bai et al synthesized four new 3-D
lanthanide MOFs using cyclic triphosphonitrile-functionalized
hexacarboxylate derivatives with different substituents
(methoxy, chloro, bromo, and methyl groups). The N,
adsorption and desorption studies showed that only the
methoxy-modified Ln-MOF-ZJNU-63 exhibits permanent
porosity after activation among these Ln-MOFs.*® Therefore,
the introduction of oxygen atoms into the framework may be
able to promote the adsorption capacity of MOFs for dyes
through weak molecular interactions such as electrostatic
interaction, hydrogen bonding, and van der Waals
interaction.

In this paper, we chose an organic aromatic polycarboxylic
acid ligand with oxygen spacer groups. This triangular ligand
with divalent metal cadmium helps to form a high-
dimensional framework structure. In this way, the MOF can
provide larger cavities to accommodate space for guest
molecules. Meanwhile, oxygen atoms on the ligand are
introduced into the framework to interact with dyes.
Moreover, this semi-rigid ligand can facilitate the entry of
dye molecules through slightly tuning the pore size.
Therefore, the adsorption performance of MOFs for dyes may
be significantly improved.

As predicted, we successfully combined this ligand with
divalent cadmium ions to synthesize a 3-D coordination
polymer material MOF-1 ([(CH,),NH,],[Cd,(L)]-3DMA-2H,0,
H¢L = 5,5,5"-(benzene-1,3,5-triyltris(oxy))triisophthalic acid).
MOF-1 has a 3-D anionic structure and [(CH;),NH,]" is in its
pores for balancing the charge of the anionic skeleton, which
is a strong driving force for adsorption of dyes. Based on the
above advantages, we revealed the dye adsorption mechanism
of MOF-1, investigated and analyzed its adsorption kinetics.
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Experimental section
Synthesis of MOF-1
[(CH3),NH,],[Cd,(L)]-3DMA-2H,0 (MOF-1). MOF-1 was

synthesized through the solvothermal method. HeL (0.1
mmol, 62 mg), CdCl,-2.5H,0 (46 mg, 0.2 mmol) and 2.5 mL
mixed solution of DMA (DMA = N,N-dimethylacetamide) and
H,O (4:1 in volume) were put in a 25 mL Teflon-lined
stainless vessel. The pH of the solution was adjusted to 4
with concentrated nitric acid. After being stirred for 30 min,
the system was heated at 105 °C for 72 h. Then, it was cooled
down to 30 °C at a rate of 5 °C h™". Pale yellow columnar
crystals were obtained and washed with DMA and H,O (yield:
about 39% based on Cd>"). Anal. calculated for C4sH5oN5050-
Cd,. MOF-1: C 45.04, H 4.848, N 5.71%; found: C, 44.93, H,
4.615, N, 5.76%. IR (KBr, cm'): 3422 (w), 3078 (w), 2933 (w),
2799 (w), 2478 (w), 1618 (s), 1564 (s), 1447 (m), 1400 (s), 1369
(s), 1246 (s), 1138 (s), 1021 (s), 932 (w), 854 (w), 781 (s), 730
(s), 592 (w), 432 (w).

Synthesis of MOF-1'

MOF-1" was obtained by activation in a vacuum drying oven
at a temperature of 80 °C for 12 h.

X-ray crystallography

The crystal data of MOF-1 are presented in Table S1.f The
diffraction data were obtained by using a Rigaku R-AXIS
RAPID CCD diffractometer equipped with a MoKa radiation
source (A = 0.71073 A). The structure of MOF-1 was analyzed
by the SHELXT program using direct methods. In a specific
refinement, non-hydrogen atoms could be anchored through
anisotropic displacement parameters. Through a riding
model, the hydrogen atoms were determined. Then, the
structure of MOF-1 was refined on F* using SHELXL-1997.
According to the difference Fourier map, part of the
coordinated DMA molecule, the guest [(CH;),NH,]" cation
and lattice H,O have been found, but they all suffered from
severe disorganization. Therefore, using PLATON/SQUEEZE, a
collection of solvent-free diffraction intensities is produced
by removing the diffuse electron densities coming from these
molecules. The larger R and wR values come from the fact
that these guest species are not localized. This is where the
category B warning on the checkcif report comes from. The
CCDC number for MOF-1 is 2059712.

Results and discussion

Synthetic analysis

MOF-1 was self-assembled from the metal salt Cd** and the
hexacarboxylic acid ligand H¢L in a mixed solvent (DMA : H,O
= 4:1). The temperature and pH of the reaction system and
the choice of solvent play a key role in the formation of
materials. Firstly, the temperature of the reaction system
mainly affects the degree of crystallization of the material.
MOF-1 can only be synthesized at 105 °C in order to obtain
crystals suitable for single-crystal diffraction. A lower

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Coordination modes of L% in MOF-1.

temperature obtains powders containing impurities, whereas
a higher temperature is unfavorable due to the
encapsulation of DMA in the pores. Secondly, the pH of the
reaction system determines whether the target compounds
can be obtained or not. MOF-1 can only be obtained at pH
= 4, while under other pH conditions, part of the sample
could not be synthesized and part of the synthesized sample
was not pure. The reason may be that a strongly acidic
environment is not conducive to the complete
deprotonation of the carboxylic acid ligand HeL, whereas a
weakly acidic environment is not conducive to the
formation of [(CH;),NH,]". Finally, DMA plays an important
role. It not only acts as a neutral guest molecule to stabilize
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the framework, but also forms [(CH;),NH,]" to balance the
charge of this anionic MOF during decarbonylation.

Structural description

X-ray single-crystal diffraction analysis reveals that MOF-1 is
an L* extended 3-D Cd** anionic MOF. It crystallizes in the
space group P1, and in its asymmetric unit, only two Cd*"
centers and one L anion are found. Cd1 is in a twisted
pentagonal bipyramidal site, whereas Cd2 adopts an
octahedral geometric configuration (Fig. Sla and S1bt). Both
are surrounded by carboxyl O atoms with a slightly wide
Cd-O distance ranging from 2.191(1) to 2.585(8) A. L®

i1 101 1 1 1.1 1 1 1

exhibits a n M MMM MMM MM N N :u, coordination mode
(Fig. 1).

As shown in Fig. 2d, the self-assembly between p,-mode
L° and two types of Cd*" forms a 3-D porous network.
Firstly, u,-mode L° utilizes three carboxyl groups on 3,5 and
5' positions to connect the Cd1 centers into a 1-D endless
tube, extending along the g-axial direction (Fig. 2a). The size
for tube opening is 1.45 nm x 0.86 nm. In Fig. 2a, the
carboxyl group on the 3’ position is omitted. The fourth
benzene ring in L°” is also omitted. The carboxyl group on
the 5 position also coordinates to another Cd** center (Cd2).
The Cd2 centers like thorns are distributed on both sides of
the tube. As exhibited in Fig. 2b, the fourth aromatic ring in
L appears. Two carboxyl groups (3”,5" positions) on it

% - oy
ey Kﬁ 7
Nz

\

b

Fig. 2 1-D tube extending along the a-axial direction (a), 2-D layer (b and c) and projection diagram in the (100) direction (d) for MOF-1.
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Fig. 3 Projection diagrams in (001) (a) and in (010) (b) directions for MOF-1.

coordinate to two Cd2 centers from the neighboring tube.
The benzene ring between two Cd2 centers in Fig. 2a comes
from the adjacent tube. By this kind of interaction, the
adjacent tubes are expanded into a 2-D layer. In the layer, a
dinuclear Cd,O(COO) cluster is observed with a short Cd---Cd
separation of 3.951 A. Fig. 2c is the projection of the layer in
the (100) direction. Between two neighboring tubes, a new
tunnel is found. Unfortunately, this tunnel is too narrow, and
the width is only 3.3 A. In Fig. 2d, the 3'-position carboxyl
group appears, and chelates to Cd2 from the neighboring
layer. Through the interactions between this carboxyl group
and Cd2, the adjacent layers interlock into the 3-D title
porous network of MOF-1. In this process, two kinds of new
tunnels are also formed, and the window for the larger
channel is 1.34 nm x 0.88 nm. Since all of the carboxyl
groups on L° are involved in coordination, it means that L°”
is in a fully deprotonated state, and its oxidation state in
MOF-1 should be —6. According to element and TG analyses,
there should also be three DMA molecules and two lattice
water molecules in the asymmetric unit of MOF-1. As guests,
these cations and molecules occupy the tunnel space, making
MOF-1 more stable. In projection plots of (001) and (010)
orientations, 1-D tunnels are also observed, and the window
size has been marked on the images (Fig. 3a and b). The
PLATON program reveals that the guest accessible void
volume in MOF-1 is about 1639 A®. Considering charge
equilibrium, there should be two [(CH;),NH,]" cations in the
asymmetric unit of MOF-1.

Determination of the formula composition of MOF-1

According to the powder XRD patterns (Fig. 4), it can be seen
that the diffraction peaks of the treated compound remain
unchanged. The framework of MOF-1' remains stable. The
structure of MOF-1' is well stabilized in solvent H,O (MOF-1'-
H,O represents the powder sample of MOF-1' stirred and
soaked in deionised water and then dried.). Fig. S2a and
S2bt show that MOF-1' remains backbone stable in different
solvents as well as in deionised water at pH = 3-11. It ensures
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its application in dye adsorption. Fig. S31 shows the
thermogravimetric curve of MOF-1 in the temperature range
of 40-800 °C under air atmosphere. MOF-1 undergoes a
three-step sequential weight loss process. The first step of
weight loss (ca. 2.9%) at 40-97 °C corresponds to the loss of
two crystalline water molecules. The weight loss (ca. 21.5%)
in the second step occurred at 97-202 °C, corresponding to
the loss of three DMA molecules. The last step of weight loss
(ca. 20.8%) occurs at 202-480 °C. The skeleton of MOF-1
collapses and its residue is finally identified as CdO. The
above results are consistent with elemental analysis values of
MOF-1, thus further confirming the accuracy of its molecular
formula. Fig. S47 gives the IR spectrum of MOF-1.

Dye adsorption property

A number of factors can influence the final adsorption
capacity in dye adsorption, including the adsorbent's specific
surface area and pore size in terms of surface charge changes
(caused by host-guest interactions like ion-ion exchange, D-A
(donor-acceptor) interactions, n-n interactions, electrostatic
interactions, hydrogen bonding, and van der Waals
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Fig. 4 Powder XRD patterns of simulated MOF-1 (a), experimental
MOF-1 (b), MOF-1' (c), and MOF-1'-H,0O (d).
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interactions).”” The oxygen spacer group in L®~ of MOF-1 not
only preserves the stability of the framework but also slightly
distorts it to make it more conducive to dye entry into pores.
Furthermore, lone electron pairs on oxygen atoms change the
surface charge of MOF-1, facilitating dye adsorption.

Considering potential ion-ion exchange interactions,
electrostatic interactions and D-A interactions between MOF-
1 and cationic dyes, we selected five dyes of three types for
adsorption experiments: rhodamine B (RB'), methylene blue
(MB"), and azure A chloride (AA") for cationic dyes;
bromocresol purple (BP) for neutral dye; and methyl orange
(MO") for anionic dye. First, 10 mg MOF-1’ were respectively
added to 40 ml dye aqueous solutions (10 mg L™" for each
kind of dye solution) to create five suspensions. Additionally,
we compared photos of beginning and final colors following
the addition of MOF-1' to represent its adsorption and
tracked variations in concentration of these suspensions over
time using ultraviolet-visible (UV-vis) spectroscopy. After
addition of MOF-1' in photographs of Fig. 5, the color of MB"
solution progressively turned colorless, the color of AA"
solution became quite light and almost colorless, and the
color of RB" solution slightly lightened, while the color of BP
and MO™ solutions stayed the same. As shown in Fig. 5,
within 480 min, the concentration of MB" almost decreased
by ca. 95%, the concentration of AA" decreased by ca. 70%,
and the concentration of RB' decreased by only ca. 42%,
while the concentration of neutral dye BP and anionic dye
MO~ was nearly unchanged. These results agree with
observations that can be seen with unaided eye.

1.0 1.0
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There are many reasons for the above phenomenon. After
activation, guest molecules such as DMA and H,0 were
removed, and the pores of MOF-1' were revealed, so it could
theoretically adsorb the five dyes. However, we found that
MOF-1' adsorbed cationic dyes significantly, while adsorption
of neutral and anionic dyes was almost negligible. This may
be due to the presence of a large number of [(CH;),NH,]"
cations in the pores formed by decarbonylation of DMA in
order to balance the backbone charge of MOF-1'. In the
adsorption of dyes, these dimethylammonium cations can
exchange with cationic dyes. The resulting driving force
works well to make adsorption of the adsorbent more
effective. In other words, the main driving force for
adsorption of dyes by MOF-1 was ion exchange. Of course,
the size of dye molecules and pores is also closely related to
the adsorption effect. The literature indicates that the ideal
ratio of the porous polymer material as an adsorbent to the
adsorbent diameter is 2-6, and the adsorption effect is
adversely affected by pore sizes that are either too large or
too small.*> Among these five dye molecules we chose, RB"
(molecular size of RB' is optimized to be 1.44 nm x 1.09 nm
x 0.64 nm)** and BP molecules are similar in size and both
are larger than the other three dye molecules, the MO~
molecule (molecular sizes of MO™ is optimized to be 1.19 nm
x 0.67 nm x 0.38 nm)* is in the middle size, and MB"
(molecular sizes of MB" is optimized to be 1.19 nm x 0.67
nm x 0.38 nm)*® and AA” molecules are similar in size and
are the smallest molecules (Chart S2f is the molecular
structure of five dyes). Meanwhile the largest pore size of
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Fig. 5 Temporal evolution of UV-vis spectra absorption of 40 mL five dye solutions (10 mg L% for each kind of dye solution) after adding powder
samples of MOF-1' (10 mg). The photographs show the color of solutions before and after 240 or 480 min of dye adsorption.
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MOF-1 is 1.45 nm x 0.86 nm. In this regard, MOF-1' is a
suitable adsorbent for MB" and AA". This also explains why
MOF-1' has a smaller adsorption capacity for RB" compared
to MB" and AA".

To confirm the above adsorption mechanism speculation,
we investigated whether MOF-1 has selectivity towards
cationic dyes in mixed dyes. Furthermore, we need to take
into account the situation that small molecules of cations
firstly enter the pores of MOF-1, while larger molecules of
neutral and anionic dyes cannot enter due to pore blockage.
This seems to mislead to the assumption that MOF-1 is
selective for the adsorption of cationic dyes. Therefore, we
purposely chose the larger RB" molecule as a representative
of cationic dyes, which was mixed with BP and MO™. We
tested the adsorption capacity of MOF-1' (20 mg) in mixed
dyes (80 ml, 5 mg L™ for each kind of dye in solutions). UV-
vis spectroscopy is used to detect changes in the
concentration of dyes in solutions. In photographs of Fig. 6,
after adding 20 mg MOF-1' and after 24 h, the mixed solution
of RB' and BP gradually changed from orange-red to
yellowish green, and the mixed solution of RB" and MO~
gradually changed from orange-pink to orange. As shown in
Fig. 6, the peak at 433 nm was attributed to BP, the peak at
566 nm was attributed to RB', and the peak at 466 nm was
attributed to MO™. After 24 h, the concentration of RB" in the
mixed solution of RB" and MO~ decreased by ca. 74%
(Fig. 6a), while the concentration of MO~ was almost
unchanged. In the mixed solution of RB' and BP, the
concentration of RB' decreased by ca. 77% (Fig. 6b), while
the concentration of BP was almost unchanged. This
indicates that even though RB" molecules are large, MOF-1'
still adsorbs cationic dyes rather than the smaller anionic or
neutral dyes. It suggests that the size of the dye molecule
does not influence the selectivity of dye adsorption by MOF-
1'. This further confirms our conjecture that there is an ion-
exchange driving force for dye adsorption of this anionic
backbone material, MOF-1, which takes precedence over
other forces.

(@) Mo +RB*

——0h

1.5{After adsorption

300 400 500 600 700 800

Wavelength (nm)
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Since there is a variability in adsorption of cations as
observed in Fig. 5, in order to investigate whether the
adsorption of cations by MOF-1 is selective, we investigated
the adsorption behavior of MOF-1' (10 mg) for two cationic
mixed dye solutions (80 ml, 5 mg L™ for each kind of dye in
mixed solutions). As shown in Fig. 7a and c, the absorbance
of cationic dyes decreased synchronously with time in each
mixed solution. In terms of removal efficiency (removal
efficiency = (co — ¢/)/co x 100%, ¢, represents the original
concentration and c, represents the concentration at moment
t) (Fig. 7b and d), the adsorption efficiencies of MB" and AA"
were comparable, whereas the removal efficiency of cationic
dyes with larger molecules was lower than that of smaller
cationic dyes (MB" or AA"). Overall, the size of dye molecules
affects the adsorption rate of the adsorbent, with smaller
dyes being adsorbed faster. MOF-1 is not selective for
adsorption of cationic dyes. But we found that even though
the molecular weight and structures of MB" and AA" are
similar, MOF-1 has a larger and faster adsorption capacity for
MB'. This situation may be attributed to the different spatial
positions of methylene groups on the two dye molecules,
which resulted in different fitness to the pores of MOF-1’,
and the molecular size of MB" was better fitted to the pores
of MOF-1, so its adsorption was more complete.

To understand the adsorption behavior of MOF-1 and its
mechanism, isotherm models play a crucial role as they
provide information about the interaction between the
adsorbent and adsorbate in any system. Taking MB' as an
example, we tested the adsorption capacity of MOF-1' to
different concentrations of dye solutions (0, 10, 20, 40, 100,
200, 400, 800, and 1000 mg L', respectively) at room
temperature for the same time (one hour after adding 10 mg
MOF-1' to each different concentration of dye solutions). By
connecting each point of adsorption equilibrium, we formed
the adsorption curve in the shape of a type I (R* = 0.992)
isotherm (Fig. 8). The maximum adsorption capacity (g.) of
MOF-1" calculated from the Langmuir equation is
1378 mg g . The adsorption isotherm curves were based on

(b) RB*+BP

1.5{After adsorption

300 400 500 600 700 800
Wavelength (nm)

Fig. 6 Temporal evolution of UV-vis absorption spectra of 80 ml mixed dye solution ((a) MO™ + RB*, (b) RB* + BP, 5 mg L™ for each kind of dye in
mixed solutions) after adding powder samples of MOF-1' (20 mg). Photographs show the color of solutions before and after 24 h of dye

adsorption.
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Fig. 7 Temporal evolution of UV-vis absorption spectra of 80 ml mixed dye solution ((a) MB* + AA*, (c) RB* + AA*, 5 mg L™ for each kind of dye
in mixed solutions) after adding powder samples of MOF-1' (10 mg). Temporal evolution of removal efficiency of cationic mixed dye solutions ((b)
MB* + AA*, (d) RB* + AA™) after adding powder samples of MOF-1' (10 mg).

the Langmuir equation and plotted. The adsorption of dyes
by MOF-1 consists of two parts: one is driven by ion
exchange, and the other is due to the presence of certain
surface adsorption.

At the same time, we investigated the maximum
adsorption of MOF-1 for MB". 0.5-5 mg of MOF-1' powder
samples were put into the same plastic centrifuge tubes
containing 1 mg MB" (40 mL, 25 mg g ') respectively. And
according to Fig. 9, it can be seen that within 24 h, 1-5 mg
MOF-1' could completely adsorb 1 mg MB', while 0.5 mg
MOF-1' could not fully adsorb MB*. Bringing into eqn ($1),;**

1350
=
‘O 900
>
£
N’
2450
S e =1378
0 R2 = 0.992

0 100 200 300 400 500 600
-1
C. (mg-g”)

Fig. 8 Adsorption kinetics isotherm of MB* by MOF-1' at room
temperature.

This journal is © The Royal Society of Chemistry 2024

based on the adsorption of 0.5 mg adsorbent for 1 mg dye,
the maximum adsorption of MB" by MOF-1 was calculated
to be ca. 1220 mg g™, which is similar to the 1378 mg g™
mentioned above and higher than most of the reported
adsorbents (Table S3t). Compared with other reported
adsorbent materials, MOF-1 has a considerable adsorption
capacity. This may be due to the role of oxygen active sites
in channels. The D-A interaction between the chromophore
group of dyes and the oxygen active site promotes the
adsorption of MOF-1'. And the presence of oxygen spacer
groups slightly regulates the pores and promotes the entry
of dye molecules. In addition, electrostatic interactions may
also exist and promote the adsorption of dyes. To
investigate their interactions, we sonicated a 1 mg sample
adsorbed with 1.2 mg of MB' and found that the solution
would turn light blue, indicating that a part of the
adsorbed MB' could be released during sonication. The
adsorption of this part is generated by the D-A
interactions. As shown in Fig. S5, the absorbance of the
fourth and fifth ultrasonic treatments almost overlaps,
indicating that the wultrasonic treatment has been
completed. According to the absorbance calculation from
the UV spectrum, the adsorption capacity of MOF-1-1 (10
mg MOF-1’ with 1200 mg MB') for MB" is ca. 270 mg due
to the D-A interactions. In the maximum adsorption
capacity of MOF-1' for MB’, it can be calculated that the
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Fig. 9 Temporal evolution of UV-vis absorption spectra of 40 ml dye solution of MB* (40 mL, 25 mg L™ after adding powder samples of MOF-1'

(0.5-5 mg), respectively.

adsorption capacity generated by ion exchange is ca. 805
mg. The remaining adsorption amount may be caused by
two reasons: one is that dyes in pores of MOF-1 were not
completely sonicated during ultrasonic treatment, and the
other is that adsorption may be caused by electrostatic
interactions.

Compared with the previous work carried out by our group,
we found that the adsorption capacity of anionic framework
materials for cationic dyes is directly proportional to the molar
ratio of cations and the compound, directly proportional to the
molar mass of dye molecules, and inversely proportional to the
molar mass of the compound. For examples, compound 1
([(CH3),NH,][Cd(L)-DMA]-0.5DMA-1.5H,0) previously synthesized
by Ding®*® in our group had a cation to compound ratio of 1:
1, and its adsorption of the dye MB' by ion exchange was
540 mg g '; meanwhile the compound synthesized in this

4586 | CrystEngComm, 2024, 26, 4579-4591

paper has a cation to compound ratio of 2:1 and the
adsorption produced by ion exchange is 805 mg g™'. Taking
all factors into consideration, although the molar mass of dye
molecules is directly proportional to the adsorption capacity
of the compound, dyes with excessively large molecular
diameters can lead to a decrease in adsorption capacity due
to pore blockage. This is also why the cationic dye RB' with
large molecules is relatively less adsorbed. This is another
indication of the decisive and preferential role of the ion
exchange driving force in the adsorption of cationic dyes by
anionic MOFs.

To further investigate the adsorption capacity of MOF-1
for cationic dyes, we investigated its adsorption kinetics.
According to the quasi-second order kinetic model, we
quantified the adsorption rate by connecting the adsorption
amount of each dye corresponding to each time point as

This journal is © The Royal Society of Chemistry 2024
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shown in eqn (S2).** We obtained the ¢~T curve of MOF-1'
for MB" (Fig. 10a). The T/q, vs. T curve was plotted and fitted
(Fig. 10b). The R> value of the curve was 0.997 and the
adsorption rate constant was 1.77 x 10> g mg ™" min~', which
showed that MOF-1' adsorbed MB" faster compared to the
adsorption rate of other materials (Table S41).*7"

An important indicator for the stability of a good
adsorbent is recyclability. We first attempted to test the
desorption behavior of MOF-1' on MB'. In order to avoid
potential charge imbalance and skeleton collapse that may
result from dye desorption, we chose saturated NaCl
acetonitrile solution and pure acetonitrile solution (40 mL
each) to investigate the desorption behaviour of MOF-1' for
the cationic dye MB'. MOF-1'-1 (loaded with 1 mg MB") was
added to the above solution. As shown in Fig. S6a,f the
concentration of dye in the saturated NaCl solution increased
with time until it no longer increased and was similar to the
initial concentration, which indicated that the adsorbed
MOF-1' had already desorbed MB’, and MB' was almost
completely desorbed after 12 h. As a comparison, a
desorption experiment was also performed in a pure CH;CN
solution. As shown in Fig. Séb,i the UV-vis absorption
intensity of dye solution remains constant with time. This
indicates that the desorption process did not occur. These
results suggest that MOF-1'-1 releases MB' through ion
exchange between Na" and MB".

Next, cyclic adsorption-desorption experiments of MOF-
1" on MB" were performed. As shown in Fig. 11,
adsorption-desorption cycling experiments between MOF-1’
and MB' were performed under the same conditions each
time and could be carried out for at least five cycles
without loss of absorptive capacity of MOF-1'. After the
fifth adsorption, its adsorption efficiency decreased to ca.
85%, while after the fifth desorption, its desorption
efficiency decreased to ca. 70%. As shown in Fig. S7,f the
XRD characterization confirmed that MOF-1' was stable
after one cycle to five cycles of adsorption and desorption.
The above dye adsorption experiments proved that MOF-1
is a good anionic skeleton material, which can have an

This journal is © The Royal Society of Chemistry 2024

excellent adsorption performance for cationic MB'. And
MOF-1 has good stability and can be recycled more than
5 times.

Based on the above experimental results, we can deduce
the relationship between the pore structure of MOF-1 and
adsorption properties of the material, and explain the
adsorption mechanism of MOF-1 for dyes:

1. MOF-1 effectively adsorbs cationic dyes and the driving
force is mainly ion exchange.

2. The main factors affecting the adsorption efficiency
and maximum adsorption capacity are as follows: (i) the
pore size of MOFs directly affects the adsorption properties
of the materials. The windows of pores need to be large
enough to accommodate the entry of dye molecules from
one side or the other, and the size exclusion effect of pores
affects the final adsorption of small molecule cationic dyes.
(ii) For forces involved in the adsorption process, the
decisive factor is ion exchange. The strength and maximum
theoretical capacity of this force can be known by
calculation, which is proportional to the proportion of
cations in the compound. The ratio is decisive among these
factors. (iii) The effective proximity to the solvent volume of
this type of compound in the dye adsorption process has an
effect on adsorption performance. Cationic guest molecules
involved in ion exchange are not affected, but neutral or
anionic guest molecules that are not removed during the
activation process can cause clogging of the pores, which
reduces the effective capacity of the compound's pores,
resulting in a decrease in the maximum adsorption capacity
and a slowing down of adsorption rate. Although the
compound previously synthesised by our group®® had a
solvent accessible volume of about 4000 A the large
proportion of DMF guest molecules in the compound
reduced its effective pore space, so the maximum
adsorption capacity was only about 900 mg g '. (iv) The
introduction of oxygen spacer groups not only resulted in
enhanced stability of MOF-1's structure, but also improved
the adsorption properties of MOF-1 to MB' through D-A
interaction with the dye.
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Fig. 11 Five runs of recycling and efficiency for adsorption (a) and desorption (b) experiments of MB* by MOF-1..

Conclusion

In conclusion, we successfully synthesized a unique
polycarboxylic acid based 3-D anionic MOF (MOF-1), which
showed good thermal and chemical stability. After activation

4588 | CrystEngComm, 2024, 26, 4579-4591

to remove solvent molecules from backbone pores, the
potential guest and void volume of MOF-1' is about 1639 A®
Tetragonal-like pores and abundant oxygen vacancies in the
skeleton enhance the ability of adsorption and separation of
dyes. Meanwhile, MOF-1 could selectively adsorb cationic

This journal is © The Royal Society of Chemistry 2024
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dyes of appropriate sizes and shapes in aqueous solution
through an ion-ion exchange process and exhibited a record
high adsorption capacity (1220 mg g™') for MB*. The amount
of adsorption due to ion exchange is 805 mg. Ion exchange is
the main driving force for adsorption of cationic dyes by
MOF-1 and is preferred over other forces. And in the
saturated NaCl solution of CH;CN, the adsorbed dyes were
released from the framework again, and MOF-1 was recycled
with good efficiency and stability.
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